ABSTRACT: During a 4 mo epizootic, 100% of 152 lined seahorses Hippocampus erectus in 3 separate groups died while in quarantine following shipment to a public aquarium. Twelve animals with skin depigmentation and ulceration were received by the
INTRODUCTION
Fusarium spp. are non-dematiaceous filamentous fungi (Roilides et al. 2007) found in soil, plants, air (Nelson et al. 1994) , seawater, and river water (Palmero et al. 2009 ). The genus includes plant pathogens, mycotoxin producers, and opportunistic pathogens of vertebrate hosts immunocompromised by stress or concurrent disease (Nelson et al. 1994 , Noga 2010 . Reports of fusarial infections include dissemi-nated mycosis in immunocompromised human patients (Dignani & Anaissie 2004) , keratitis in horses and humans (Mitchell & Attleburger 1973 , Dignani & Anaissie 2004 , Chang et al. 2006 , O'Donnell et al. 2008 , dermatitis in toads, sea turtles, and marine mammals (Frasca et al. 1996 , Cabañes et al. 1997 , Perpiñán et al. 2010 , embryonic death in sea turtles (Sarmiento-Ramírez et al. 2010) , and black gill disease in cultured Kuruma prawn Penaeus japonicas (Bian & Egusa 1981) and the giant tiger prawn P. monodon (Khoa et al. 2004) . Fusarial infections in freshwater and marine fish include deep mycoses, ocular and skin lesions, and fatal ulceration and necrohemorrhagic dermatitis (Yanong 2003 , Noga 2010 .
Historically, the morphospecies Fusarium solani has been reported as the etiological agent responsible for most fusarioses in humans and other animals. However, molecular phylogenetic studies have resolved a genealogically exclusive F. solani species complex (FSSC), with 3 clades containing at least 45 phylogenetically distinct species (O'Donnell 2000, Zhang et al. 2006 , O'Donnell et al. 2008 . Members of the FSSC have been implicated in approximately two-thirds of documented cases of fusariosis in humans and animals worldwide. However, vertebrate isolates have only been associated with species in Clade 3, while Clades 1 and 2 exclusively contain plant pathogens (Zhang et al. 2006 , O'Donnell et al. 2008 . Morphologic similarities between species within the FSSC often confound identification, emphasizing the importance of molecular phylogenetic evaluation for identifying species within this speciesrich complex (O'Donnell et al. 2010) .
The lined seahorse Hippocampus erectus is a teleost fish in the family Syngnathidae found in the western Atlantic Ocean from Nova Scotia, Canada, to Argentina (Dias et al. 2002 , Ahnesjö & Craig 2011 . Lined seahorses inhabit a range of marine habitats in both shallow and deep water and have been found in association with coral, seagrass beds, mangrove roots, and floating seaweed (Dias et al. 2002) . Commercial trade in seahorses for medicinal uses and display in public and private animal collections is a significant global industry. Unfortunately, due to over exploitation and unintentional catch by shrimping operations (Vincent et al. 2011) , H. erectus is now listed as Vulnerable to extinction on the IUCN Red List of Threatened Species (IUCN 2011) .
Much of the current knowledge regarding disease in syngnathid fishes comes from observations made from morbidities and mortalities in public aquariums and aquaculture facilities. A number of endo-and ectoparasites have been reported and treated successfully, including Cryptobia-and Ichthyobodo-like flagellates, Amyloodinium ocellatum, an Argulus sp., and intestinal nematodes and cestodes. Uronema marinum and the microsporidian Glugea heraldi have also been described in syngnathids but have limited to no treatment options, respectively (Koldewey 2005) . Significant diseases include mycobacteriosis and Vibrio harveyi septicemia, and fungal exophilalosis (Blazer & Wolke 1979 , Koldewey 2005 , Nyaoke et al. 2009 ). Herein we report on the gross and histopathologic findings associated with an epizootic of fusariosis in a group of lined seahorses, as well as the molecular identification and phylogenetic characterization of the agent as an unnamed phylogenetic species designated FSSC 12-a Fusarium sp. While FSSC 12-a is known to cause disease in other marine animals, the condition has not been previously described in syngnathid fish.
MATERIALS AND METHODS

Fish and case history
Between 30 July and 20 October 2010, 152 juvenile lined seahorses, 3 to 10.2 cm in overall length, were received into the quarantine facility of a public aquarium. The seahorses were captive bred at 4 separate facilities in the US. Two groups remained segregated after arrival, and 2 groups were combined in a single tank. The fish were housed in acrylic tanks each supplied with recirculating artificial seawater (Instant Ocean ® Sea Salt, Spectrum Brands), fluidized bed biofilters, and bio-ball filled sump tanks. Two tanks (Q22, Q23) were located adjacent to each other, with the third (TPO) approximately 5 m away. Each system was maintained independently, with no shared implements to prevent cross contamination. Feed consisted of live and frozen mysid shrimp offered twice daily. Additional husbandry and clinical information is summarized in Table 1 .
During the epizootic, various continuous immersion antibiotic treatments were attempted individually and in succession in different tanks, including: 1 mg l −1 oxolinic acid for 7 d, 30 mg l −1 trimethoprim sulfathiazole sodium for 10 to 20 d, or 50 mg l −1 kanamycin sulfate for 10 d (National Fish Pharmaceuticals). Two-hour bath treatments with itraconazole (Sporonox ® , Centocor Ortho Biotec) were instituted in one group at 1 mg l −1 for 12 d after histologic evidence of fungal infection was established.
Gross necropsy and histopathology
Over the course of the epizootic, a total of 11 deceased animals were randomly collected for histopathologic examination from the 152 seahorses that died. Their coelomic cavities were incised and bodies fixed in 10% neutral buffered formalin, followed by submission to the Aquatic Pathology Service, Department of Pathology, University of Georgia College of Veterinary Medicine, Athens, GA, USA. An additional specimen was submitted fresh for fungal culture and histopathology. Direct microscopy of gill clips and skin scrapings was performed using standard methods (Stoskopf 1993) . A small tissue wedge was collected from the margin of a skin lesion and submitted for fungal culture. Following fixation, the bodies were decalcified for 24 h in Kristensen's solution (3.4% sodium formate in 4 M formic acid; Kristensen 1948) and then cut into 2 to 3 mm cross sections. Tissue samples were processed routinely by dehydration in a graded series of ethanol solutions of increasing strength, followed by clearing in a series of xylenes, embedding in paraffin, and sectioning at 5 µm. Prepared slides were stained with hematoxylin and eosin (H&E; Allen 1992).
Mycology and bacteriology
Initial fungal isolation was made on Sabouraud dextrose agar (SDA) plates (Remel) incubated at 22°C. A subculture of the isolate was submitted to the Fungus Testing Laboratory, Department of Pathology, University of Texas Health Science Center, San Antonio, TX, USA, for species identification. It was accessioned into their culture collection as UTHSC 10-3125 and further subcultured onto potato flake agar (PFA; Rinaldi 1982) and carnation leaf agar (CLA; Nelson et al. 1983) , prepared in-house. Macroscopic and microscopic features were determined from cultures incubated at 25°C for 7 d under 12 h light and dark cycles. Antifungal susceptibility testing was performed according to the Clinical and Laboratory Standards Institute (CLSI) M38-A2 method for filamentous fungi (CLSI 2008) .
Samples of liver and kidney, collected aseptically prior to formalin fixation, were received for bacterial and mycobacterial culture from 1 seahorse also submitted for histopathologic examination. Tissues were streaked onto tripticase soy agar with 5% sheep blood and MacConkey agar plates, as well as LowensteinJensen slants (Remel). Agar plates were incubated aerobically for 24 to 48 h, and Lowenstein-Jensen slants were observed for 45 d for mycobacterial growth. Plates and slants were incubated at 29°C. Bacterial identification was made using a Sensititre ARIS 2X and identification plates (TREK Diagnostic Systems) following the manufacturer's instructions.
Molecular identification and phylogenetic analysis
Based on the morphological identification, a subculture of the fungus was accessioned in the ARS Culture Collection (http://nrrl.ncaur.usda.gov; NCAUR-ARS-USDA, Peoria, IL, USA) as NRRL 54721 Fusarium sp. for DNA sequence-based typing. Published protocols for extraction of total genomic DNA, PCR amplification, and DNA sequencing were followed (Zhang et al. 2006 , O'Donnell et al. 2008 . In brief, fungal mycelium was harvested from a yeastmalt broth culture and freeze-dried overnight. Total genomic DNA was extracted using hexadecyltrimethyl-ammonium bromide (Sigma) as previously described (O'Donnell et al. 1998) . Published PCR primers were used to amplify and sequence a portion of the translation elongation factor (EF-1α) gene, using an Applied Biosystems (ABI) 3730 capillary sequencer. After the sequence chromatograms were edited and assembled in Sequencher version 4.10.1 (Gene Codes), the corrected sequence was used as a BLAST query of GenBank (http://blast.ncbi.nlm.nih. gov/), Fusarium-ID (http://isolate.fusariumdb.org/; Geiser et al. 2004) , and the database Fusarium MLST (www.cbs.knaw.nl/Fusarium/). Because these queries indicated that NRRL 54721 was nested within the FSSC, portions of the second-largest subunit of RNA polymerase (RPB2) and the nuclear ribosomal internal transcribed spacer region (ITS rDNA) and domains D1 and D2 of the nuclear large subunit (LSU (Edgar 2004) . Maximum parsimony (MP) analyses were conducted with PAUP* version 4.0b10 (Swofford 2002) , and maximum likelihood (ML) analyses were im plemented in GARLI (Zwickl 2006) . Clade support was assessed via 1000 bootstrapped pseudoreplicates of the data. COLLAPSE version 1.1 was used to identify the FSSC species and 3-locus haplotype of NRRL 54721. Se quen ces of NRRL 54721 Fusarium sp. FSSC 12-a were deposited in GenBank under accession numbers JQ743207 to JQ743212.
RESULTS
Gross and histopathologic findings
Prior to death, some moribund animals were observed with ill-defined areas of depigmentation or with cottony-white patches on the skin. Grossly, 11 of 12 seahorses submitted had variably distributed skin lesions often localized to natural body prominences and the tip of the tail. Lesions were present along the entire body length in 3 animals. In the fresh specimen, irregular, poorly demarcated lesions up to 0.5 cm in maximum width varied from inconspicuous areas of depigmentation to focal ulcers that exposed the white underlying dermis and were bordered by ragged, loosely adhered margins (Fig. 1A) . Wetmount preparations of skin and gills revealed no external parasites. However, septate fungal hyphae with acute angle branching and large, fusiform macroconidia were present in scrapings of skin lesions (Fig. 1B) .
Histologically, lesions most commonly involved the skin and vascular system. Organ system involvement was limited to only a small number of cases, as described below. However, there was marked variation in the severity and distribution of lesions between individuals. Hyphae appeared to course through tissues unimpeded, resulting in minimal changes to extensive necrosis. Inflammation was a minor component of the majority of lesions.
Skin changes varied from foci of epithelial necrosis and erosion (Fig. 1C) to transmural ulceration into underlying skeletal muscle. Exposed dermal tissues were typically necrotic and edematous, as evidenced by loss of tinctorial properties, fibrillation and separation of collagen fibers. Hyphal invasion of skeletal muscle occurred in all seahorses to varying depths. Hyphae infiltrated through interstitial connective tissues and myofibers with no apparent effect, or were associated with necrosis of individual and small groups of muscle fibers, characterized by pale to hypereosinophilic, condensed, and vacuolated sarcoplasm devoid of cross striations. Muscle involvement appeared to result from direct extension of epidermal lesions, but occurred secondarily to vascular invasion in the absence of skin ulceration in at least 1 animal. Angioinvasion was a prominent feature of lesions in 10 of the 12 cases, involving structures as small as dermal capillaries to large elastic arteries including the dorsal aorta and carotid arteries (Fig. 2) . As in muscle, hyphae coursed through vascular walls and lumens, resulting in a spectrum of changes from none to transmural necrosis, thrombosis, and infarction of surrounding perivascular tissues. Hyphae were observed in the gills of 3 animals. No microscopic changes were identified in one individual, while mild lamellar epithelial hypertrophy and hyper plasia with synechia formation was present in a second. Multiple holobranchs were unilaterally thrombosed and de stroyed in the third, where an extensive mat of hyphae extended from the necrotic gill tissue to fill the adjacent opercular cavity.
Invasion of additional organs and variable necrosis was present in 3 animals. In one seahorse, hyphae were present in the gastrointestinal tract, kidney, and liver. A second animal had diffuse hyphal invasion of the kidney and spinal cord. Rare hyphae were found throughout the coelomic cavity of a third animal.
Hyphae were moderately basophilic with H&E stains and were readily visible without additional special staining procedures. Hyphae were morphologically similar in all animals, possessing thin, generally parallel walls, 2 to 7 µm in diameter, with variably spaced septa, extensive vacuolation, and fre quent acute and right angle branching (Fig. 3) . Despite the extent of lesions and presence of numerous hyphae, invasion was rarely associated with significant inflammation. Hyphae did not appear to elicit a direct inflammatory cell response. Changes were limited primarily to small numbers of macrophages scattered in infected connective tissues and perivascular sites.
Bacteria were observed by light microscopy or were cultured from 9 of 12 seahorses. In the one animal received fresh and cultured, very light to light growth of Vibrio spp. Group 6 was isolated from the liver and kidney, in addition to light growth of Listonella anguillarum from the kidney. Mycobacterial cultures of these tissues were negative. No bacteria or lesions attributable to bacteria were observed histologically in either tissue. Although bacterial rods were present in the dermis of 4 fish and were distrib- 
Morphological and molecular characterization of the Fusarium mycotic agent
A fungal isolate tentatively identified as a Fusarium sp. was submitted to the Fungus Testing Laboratory for species identification. The isolate on SDA was wooly, with a rosy, gray-brown obverse and rusty-brown reverse. Colonial growth on PFA was light tan, with a cream-colored reverse. The dominant feature on both PFA and CLA was the production of macroconidia formed in cream-colored sporodochia (masses of conidiophores and macroconidia) that were long, thin, possessed foot cells, and had a distinct curvature (Fig. 4A) . A few 1-and 2-celled microconidia were also present at the tips of long monophialides (phialides with a single opening) and were held together in loose balls referred to as 'false heads' (Fig. 4B) . Although no chlamydoconidia were observed on CLA after 7 d, other morphologic features were consistent with a member of the FSSC.
The partial EF-1α gene sequence of the isolate used to query GenBank, Fusarium-ID, and Fusarium MLST revealed that NRRL 54721 might be nested within phylogenetic species FSSC 12 within Clade 3 of the FSSC as defined by O'Donnell et al. (2008) . Therefore, partial sequences of RPB2 and the nuclear ribosomal ITS+LSU rDNA were generated so that this isolate could be typed using the 3-locus typing scheme developed to identify phylogenetic species and haplotypes within the FSSC (O'Donnell et al. 2008) . A 3-locus dataset was assembled comprising sequences of the 7 known FSSC 12 isolates together with those of 12 closely related FSSC species comprising 25 additional se quen ces. MP and ML analyses of the 3-locus dataset and the COLLAPSE ver. 1.1. analysis indicated that isolate NRRL 54721 was phylogenetic species/haplotype FSSC 12-a Fusarium sp. (Fig. 5) . The isolate shared the same 3-locus haplo type with NRRL 22834 isolated from a western Australian spiny rock lobster Panulirus cygnus with mycosis from Australia and NRRL 22642 from the gills of Kuruma prawn Penaeus japonicus suffering from black gill disease in Japan (O'Donnell et al. 2008) . The 8 isolates of phylogenetic species FSSC 12 were all recovered from diverse marine animals or from sand in a marine aquarium (Azor et al. 2007) .
Susceptibility testing of isolate NRRL 54721 FSSC 12-a Fusarium sp. to fluconazole, itraconazole, posaconazole, and voriconazole resulted in minimum inhibitory concentrations (MIC) of > 64, >16, >16, and 4 µg ml −1 , respectively.
DISCUSSION
The similarity of lesions, as well as the consistent morphology of the hyphae observed in the seahorses, supports the conclusion that an FSSC 12-a Fusarium sp. was the etiologic agent in these cases. The distribution of lesions suggests that the fungus first established cutaneous infections, possibly in areas of previously damaged integument, and then spread hema togenously. Not all of the seahorses examined exhibited fungal invasion of internal organs, but 28 Fig. 4 . Fusarium solani species complex (FSSC). Microscopic features of FSSC 12-a Fusarium sp. on carnation leaf agar after 7 d of incubation at 25°C. Light micrographs of (A) fusiform, multiseptate macroconidia and (B) 1-and 2-celled microconidia formed in 'false heads' at the tips of long mono phialides. Scale bars = 30 µm these animals may have succumbed before systemic dissemination could occur. The fact that hyphae did not elicit overt necrosis and tissue damage in some of the seahorses may indicate that they succumbed to vascular thrombosis and infarction.
A potential role for bacteria, acting as either primary or secondary invaders, in these cases is unclear but cannot be ruled out. Bacteria were associated with skin surfaces, dermal tissues, and internal organs of multiple animals. However, as these seahorses were collected dead and several showed histologic evidence of autolysis, in the absence of corresponding tissue changes, their presence may represent post-mortem overgrowth. Bacteria are known to enter the integument and viscera of fish quickly after death (Noga 2010) . In the single seahorse received unfixed, light growth of a Vibrio sp. Group 6 (V. harveyi, V. alginolyticus, V. vulnificus, and V. para haemolyticus) and Listonella (Vibrio) anguillarum were cultured from organs. Although bacteria were not observed in tissues of this animal, vibriosis, including ulcerative dermatitis, has been identified as a cause of high peracute to subacute mortalities in seahorses during post shipment acclimation (Koldewey 2005) . In the present case, antibiotic treatments with oxolinic acid, trimethoprim sulfathiazole, and kanamycin were ineffective at stopping mortalities.
Granulomatous inflammation typical of fungal infection was not observed in these cases (Reimschuessel & Ferguson 2006) . While the lack of inflammation is uncharacteristic, it is not unprecedented. Systemic Exophiala sp. fungal infections in seadragons have also been reported to induce minimal inflammation. The authors postulated that immune responses in the seadragons may have been attenuated by stressors associated with captive husbandry (Nyaoke et al. 2009 ). Mortalities in these cases began 3 to 14 d following shipment, suggesting that im munosuppression secondary to transport may have predisposed the epizootic. Although its precise role in infections is unknown, production of the immunosuppressive compound cyclosporin A by members of the FSSC is another possible explanation for the limited inflammatory response. Cyclosporin A blocks transcription of human lymphokine genes in T lymphocytes and degranulation of granulocytes (Sugiura et al. 1999) . Neither explanation, however, provides insight as to the source of the infection, although a common origin, such as food, water, or fomites, is suspected.
Treatment with itraconazole was initiated empirically based on histopathological findings, but failed to stop progression of the epizootic. Retrospective in vitro antifungal susceptibility testing on isolate NRRL 54721 FSSC 12-a Fusarium sp. demonstrated high MICs to all agents tested, including itraconaozle. While there are no CLSI-defined breakpoints for fusaria, even in humans, MICs beyond achievable serum concentrations using standard dosing regi- Note that the 8 isolates of FSSC 12 (grey highlight) were all recovered from geographically diverse hosts/substrates in marine environments. Each of the 33 isolates in the dataset is identified by a 5-digit ARS Culture Collection accession number (NCAUR-ARS-USDA, Peoria, IL, USA), followed by an Arabic number identifying the phylogenetic species and lowercase Roman letter identifying the multilocus haplotype. Numbers above and below nodes represent, respectively, bootstrap support based on 1000 maximum parsimony (MP) and maximum likelihood (ML) pseudoreplicates of the data. Internodes that are thickened identify phylogenetic species represented by 2 or more isolates. The phylogram was rooted on sequences of FSSC 6 based on more inclusive analyses (O'Donnell et al. 2008) . ITS-LSU rDNA: internal transcribed spacer region and nuclear large subunit; CI: consistency index; PIC: parsimony informative character; RI: retention index mens suggest a lack of clinical efficacy. These results are in accordance with published findings of MIC determinations performed on 10 antifungal compounds against 18 FSSC isolates that indicated limited in vitro efficacy against this group of fusaria and wide variability of MICs between species (Dignani & Anaissie 2004) . A 3-locus DNA sequence-based typing scheme was used to identify the seahorse pathogen as a phylogenetically distinct species/haplotype within the FSSC, designated FSSC 12-a. In this informal no menclatural scheme, species complex is indicated by upper case Roman letters, each species is identified by Arabic numerals, and lowercase Roman letters identify haplotypes within each species. This scheme was adopted within the FSSC and other veterinary and medically important species complexes within Fusarium (O '-Donnell et al. 2009 '-Donnell et al. , 2010 , because genealogical concordance phylogenetic species re cognition (Taylor et al. 2000) has shown that these complexes contain many more species than formal names. In addition, the majority of Fusarium species, including most of the members of the FSSC, can only be identified definitively using DNA sequence data. Previous reports of FSSC 12 causing veterinary infections were reported as F. solani (Hatai et al. 1978 , Rebell 1978 or Fusarium sp. (Lightner & Fontaine 1975 ) based on morphological species recognition. Similar to other FSSC species pathogenic to animals, NRRL 54721 FSSC 12-a Fusarium sp. from seahorses is nested phylogenetically within Clade 3 of the FSSC. Virulence factors that allow species in Clade 3 to cause disease in animals are unknown. Proposed mechanisms include accelerated growth rates compared to other clade members, increased microconidia production, and the ability to grow at 37°C in mammals (Zhang et al. 2006 , O'Donnell et al. 2008 . However, water temperatures in the seahorse tanks were 9.5 to 13.5°C lower than 37°C. Unlike other FSSC species, FSSC 12 isolates are from marine sources, including marine aquarium sediment and a number of marine animals, suggesting that they are adapted to marine habitats. Specifically, FSSC 12-a isolates have been implicated as a cause of mycosis in lobster, prawn (O'Donnell et al. 2008) , and herein, the lined seahorse (Fig. 5) .
Fusariosis has been reported sporadically as a cause of mortalities in fish and other aquatic organisms (Lightner & Fontaine 1975 , Hatai et al. 1978 , Blazer & Wolke 1979 , Frasca et al. 1996 , Cabañes et al. 1997 , Yanong 2003 , Noga 2010 . Identification has often been limited to genus and based solely on morphologic features. The disease was devastating in this group of captive seahorses and has the potential to cause similar losses in other culture facilities, resulting in both economic losses and setbacks in species conservation. Accurate identification of fungal pathogens, particularly those within the genus Fusarium, is valuable for both epidemiological study and clinical management. Thus, our finding that FSSC 12 Fusarium sp. occupies a marine niche should be helpful in identifying its environmental reservoir and in preventing similar epizootics by screening fish and tanks for the presence of FSSC 12. Molecular typing of additional Fusarium isolates is warranted to allow further characterization of these species, thereby facilitating the development of improved diagnostics and treatment options for both human and veterinary patients. collecting the DNA sequences in the National Center for Agricultural Utilization Research DNA core facility. Mention of firm names or trade products does not imply that they are endorsed or recommended by the US Department of Agriculture (USDA) over other firms or similar products not mentioned. The USDA is an equal opportunity provider and employer. Thanks also to E. 
